Objective. To evaluate the effects of passive leg movements on the muscle oxygenation level and electromyographic (EMG) activity in the lower limbs in chronic stroke patients. Methods. With a gait training apparatus, passive movements were imposed on the lower limbs of 15 chronic stroke patients at a frequency of 0.8 Hz for 10 minutes. During the passive leg movements, muscle oxygenation level and muscular EMG activity of the paretic and nonparetic calf muscles were assessed. Results. The passive leg movements caused increases in the EMG activity and muscle oxygenation level in both paretic and nonparetic lower limbs. Although a significant difference was found in the concentration changes of the oxygenated hemoglobin (Oxy-Hb), both paretic and nonparetic sides of the muscle showed enhancement of the tissue oxygenation level (TOI). The degree of the changes of the Oxy-Hb depended on the level of motor recovery after stroke; subjects with good motor recovery showed less difference in the Oxy-Hb level between the paretic and nonparetic sides of the muscle. Conclusion. Passive leg movements have the capacity to induce muscular activity and enhance oxygen metabolism, even in the paretic lower limb muscle of chronic stroke patients. This type of exercise might be a useful and efficient method for the prevention of metabolic deterioration in the lower limb paretic muscles of chronic stroke patients.
S troke is the third leading cause of mortality worldwide. Stroke survivors usually experience significant mobility impairments. Only 25% of stroke patients return to an activity level of everyday life and physical functioning compared with community matched persons who have not had a stroke. 1 In addition to the neurological changes and their numerous manifestations, metabolic changes that contribute to the poststroke complications and residual disability are evident.
Physiological deteriorations commonly occur after stroke because of the acute medical illness and associated bed rest and immobility. The decrease in physical activity leads to alteration of normal physiological processes resulting in paretic muscle atrophy and fat deposition, 2-4 reduced exercise capacity, 5 and osteoporosis. [6] [7] [8] Previous investigations have revealed that there is unilateral blood flow impairment and reduced hyperemic blood flow in the paretic limbs. 9, 10 Moreover, Warlow et al 11 reported that impaired blood flow increases the risk of deep venous thrombosis in the paretic leg by a factor of 10. Because there is a strong causal correlation between blood flow and muscle metabolism, 12 hypocirculation in the inactive muscles will cause reduced metabolism in the paretic limbs.
We recently reported that passive leg movements can induce not only muscular activity, but also alteration in the muscle oxygenation level in the paralyzed lower limbs of complete paraplegics. 13, 14 Enhanced muscle oxygenation is a key parameter of muscle metabolism under various conditions and is a potential factor to facilitate blood circulation and metabolism in the paralyzed area. This viewpoint can be applied to stroke patients as well. There are no studies concerning the effects of the passive movement on the paretic muscle metabolism in stroke patients. The aim of the present study was therefore to investigate the effects of passive movements on the muscle oxygenation and the electromyographic activity in the lower limb muscles of chronic stroke patients. Comparison between the paretic side and the nonparetic side enables us to identify their physiological characteristics and differences. We hypothesized that the muscle oxygenation level should change in accordance with electromyographic (EMG) activities in the paretic lower limb muscle, as was observed in persons with spinal cord injury. 14 We also hypothesized that the character of oxygenation changes during the passive leg movement is affected by the level of motor recovery after stroke. If the muscle oxygenation can be facilitated by the passive leg movement in stroke patients, it may have significant implications for the rehabilitation and especially prevention of secondary impairments following stroke.
METHODS

Participants
For this experiment we recruited 15 participants who incurred a stroke. The inclusion criteria were as follows: (1) At least 6 months poststroke; (2) absence of cardiorespiratory disease; and (3) absence of stroke complications (deep venous thrombosis, contracture or high-grade spasticity interfering with the gait). Average age of subjects was 63.1 ± 7.7 years and time since onset of the stroke was 6.9 ± 4.2 years. Twelve patients had hemispheric stroke (6 ischemic and 6 hemorrhagic) and 3 had bilateral involvement. Eight of 12 patients with hemispheric stroke suffered from residual left hemiparesis and 4 had paresis on their right side.
Before the experiment, clinical assessments were performed to identify motor and neurological recovery status of the subjects. A Brunnstrom score for motor recovery 15 and the Motricity Index 16 for the lower limbs were assigned to each patient. The degree of spasticity in the limbs was evaluated by Modified Ashworth Scale, 17 and muscle strength of soleus and gastrocnemius muscles was measured with the Daniels Manual Muscle Test. 18 For further clinical reference, each patient's anthropometric data such as height and weight were also recorded. Also, cadences during walking at comfortable speed and preferred assistive devices were recorded. The summary of the general data and clinical evaluation is shown in Table 1 . All subjects gave their written informed consent for the experimental procedure, which was conducted in accordance with the Helsinki Declaration of 1975 and approved by the ethics committee of the research institute of the National Rehabilitation Center for Persons with Disabilities, Tokorozawa, Japan.
Experimental Procedure
A gait training apparatus (Easy Stand Glider 6000; Altimate Medical Inc, Morton, Minn) was used to impose passive leg movements, as shown in Figure 1A . This device was developed for the physical exercise of persons with movement disorders. The apparatus enables the patients to stand securely with their trunk, pelvis and knee supported by anterior and posterior support pads. By moving the handles connected to the footplates, passive movements can be imposed on the hips and ankles of patient.
The experimenter induced passive leg movements by moving the handles following the sound of a metronome set to a frequency of 0.8 Hz. Since the Easy Stand Glider imitates walking pattern (except the knee movement) in the lower limbs, we decided to choose the frequency adjusted to the lower cadence in stroke patients. The exercise was maintained for 10 minutes, after which patients remained in the standing position for 10 minutes for recording postexercise data. During the exercise and recovery period, subjects were asked to relax their body and refrain from voluntary movement and speaking. The experimenter moved the handle and simultaneously checked the angle data from the goniometer, trying to keep the leg movement within the same range of motion throughout the exercise.
Electromyography
Muscular activity of the medial head of gastrocnemius and soleus was recorded with the use of surface EMG. Sampling rate of data was set at 1000 Hz. Bipolar surface electrodes were used for recording. Because it is not possible to place both the NIRS probe and EMG electrodes on the same place, they were attached proximally and distally on the medial side of gastrocnemius muscle, as shown in Figure 1B . The electrode (DE-2.3; DelSys, Inc, Boston, Mass) was placed at least 2 cm proximal to the point of insertion of the medial head of gastrocnemius. This electrode consists of parallel bars (1 cm long and 1 mm wide) spaced 1 cm apart and is designed with a built-in bandpass filter from 20 to 450 Figure 1 . A, Experimental setup. This apparatus enables stroke patients to stand securely with their trunk, pelvis, and knee supported by front and back pads. By moving the handle connected to the footplate, passive leg movements can be imposed on the lower limbs of the patient. B, Placement of the EMG electrodes and NIRS sensor. Because it is not possible to place both the NIRS sensor and the EMG electrode at the same place, they were placed proximally and distally on the medial side of the muscle.
Hz. Skin preparation (abrasion, cleaning with alcohol) was carried out carefully before recording. The obtained EMG signal was amplified by Bagnoli-8 EMG system (DelSys, Inc). Maximal voluntary contractions were also recorded for further reference.
Near Infrared Spectroscopy
NIRS is a noninvasive method for measuring tissue oxygenation and hemodynamics. First introduced by Chance et al 19 in 1985 to examine oxygenation changes in exercising muscles in humans, it has been applied to measure oxygenation in a variety of tissues including skeletal muscle. The validity and data reproducibility of NIRS for skeletal muscle has been proved in previous studies (see studies by Van Beekvelt et al 20 in 2001 and others 21, 22 ).
In the present study, the muscle oxygenation level was recorded using a NIRS device (NIRO-300; Hamamatsu Phototonics, Inc, Shizuoka, Japan) with dual channel laser diodes. The device can calculate changes in oxygenated and deoxygenated hemoglobin by measuring light attenuation at 775-, 813-, 850-, and 913-nm wavelengths and analyze with an algorithm incorporating the modified Beer-Lambert law. The modified Beer-Lambert law can be defined as follows:
where A is light attenuation, L is differential path length, and µ is the absorption-scattering coefficient. 23 Changes in the Hb values were calculated relative to the preexercise data and represented in units of micromolar per liter (µM/L). Tissue oxygen index (TOI) is an absolute one-time value calculated rapidly by the device and shows the ratio of Oxy-Hb to Total-Hb. All data were digitized at 6 Hz, which is the maximal sampling rate of the device.
The NIRS probe was placed on the upper portion of the medial head of gastrocnemius muscle, as shown in Figure 1B . A calibration procedure was performed to provide an optimal range of measurement. Before the exercise, subjects were kept in a standing posture for several minutes until the level of Total-Hb reached a steady state, after which the level of oxygenation parameters were set to zero, and preexercise data were recorded for 1 minute. Then NIRS parameters during actual passive movement and following rest were recorded. To know the general tendency of the NIRS changes, we conducted a preliminary experiment for 10 of 15 stroke patients before the experiment. The NIRS changes during passive leg motion were almost the same, comparing the preliminary and final experiment. This result supports the reproducibility of the NIRS data.
Heart Rate Monitoring
To confirm whether imposed passive leg movement alters central circulation, we measured heart rate during and after exercise using an integrated telemetric monitor (S810i; Polar, Vantage, Finland). Electrogoniometry Goniometry (goniometer system; Biometrics Ltd, Ladysmith, Va) was conducted to ensure the same range of motion of ankle joints in both legs during the passive leg movements.
Data Analysis
All data were recorded by Power Lab software (Chart ver. 5.0.1; AD Instruments Inc, Milford, Mass) and were digitized at 1 kHz. Mean amplitudes of the EMG data were considered for analyzing muscle activity during and after the passive leg movement. To determine the degree of activation, we calculated the root mean square of the EMG signal as the most reliable parameter in the time domain.
For the NIRS data, 4 main parameters were recorded: oxygenated hemoglobin (Oxy-Hb), deoxygenated hemoglobin (Deoxy-Hb), total hemoglobin (Total-Hb), and TOI. For analysis of the NIRS data during and after the passive leg movements, the baseline value for each individual was corrected to zero by subtracting the initial resting value. Thus, in our calculation we could eliminate basal muscle metabolism and directly compare metabolic changes during the passive leg movements. Average data of the last minute of exercise and first minute of the recovery stage were considered for the comparison between the paretic and nonparetic sides.
Statistical Analysis
All values are given as mean ± SD. Statistical software SPSS 14.0 was used to perform all related analyses. A paired t test was used to determine significant differences between the paretic and nonparetic calf muscle oxygenation and muscular activity, and nonpaired t test was used to assess the difference between the clinical subgroups. Significance was accepted at P < .05.
RESULTS
All participants tolerated the exercise well and the experiment was performed undisrupted throughout the Passive Leg Movement In Stroke Patients exercise. During the data analysis we found that patients with bilateral stroke impairment have oxygenation changes similar on both sides, whereas hemiparetic patients show obvious differences between the paretic and nonparetic legs. For further analysis and comparison between the paretic and the nonparetic muscle changes during the passive movement, we compared the data obtained from 12 subjects with those of the hemiparetic patients. Figure 2 shows a typical example of the NIRS and EMG data of the stroke patients. As is clearly shown, oxygenation changes during passive leg movements were quite different between the paretic and nonparetic sides. Concentration of Oxy-Hb in the paretic muscles started to increase just after the onset of the passive leg movements, but it rapidly decreased in the nonparetic muscle. In both leg muscles, the TOI increased during the passive leg movements and gradually decreased after the cessation of the exercise. In the present study, heart rate data were measured during the experiment to know the change of central circulation in response to the passive leg motions. The results showed no remarkable change of the heart rate during exercise and recovery period. 
EMG Activity
During the passive leg movements, almost all patients showed EMG activity in both the paretic and nonparetic legs. As shown in Figure 3A , the amplitude of the EMG activity was variable during passive leg motion. Although the amplitude of the EMG activity in the soleus muscle was similar (paretic vs nonparetic: 5.76 ± 4.3 vs 5.43 ± 4.3 µV; NS), that in the gastrocnemius muscle was remarkably different ( Figure 3B ) between paretic and nonparetic legs (2.66 ± 2.7 vs 12.66 ± 12.3 µV; P < .05).
We compared average amplitude of EMG activity between subgroups with good and poor motor recovery of lower limbs. There was no significant difference in the amplitude of soleus muscle (7.61 ± 5.27 µV in the poor recovery subgroup vs 5.81 ± 6.23 µV in the good recovery subgroup; NS) or in the amplitude of gastrocnemius muscle (3.89 ± 4.27 µV in the poor recovery subgroup vs 5.73 ± 4.83 µV in the good recovery subgroup; NS).
Maximal voluntary contraction (MVC) level was significantly larger in the gastrocnemius (132 ± 122.2 µV vs 42.6 ± 75.4 µV; P < .01) and soleus (155.4 ± 390 µV vs 52.3 ± 28.9 µV; P < .01) muscles of the nonparetic leg in comparison with the paretic. In the good recovery subgroup the MVC level in the paretic soleus muscle was larger in comparison with the poor recovery subgroup (73.3 ± 25.7 µV vs 31.4 ± 10.8 µV; P < .01). MVC level of gastrocnemius muscle was also higher in the good recovery subgroup, but there was no statistical significance.
NIRS Parameters
As indicated in Figure 4 , a clear difference between the level of Oxy-Hb in the paretic and nonparetic legs was observed. The concentration level of Oxy-Hb in the paretic leg was higher than that of the nonparetic leg (0.13 ± 0.09 µM/L vs -0.18 ± 0.10 µM/L; P < .05). The increase of Oxy-Hb was not followed by increments of Deoxy-Hb. The concentration of Deoxy-Hb in both legs was almost equal (-0.89 ± 0.12 µM/L in the paretic and -0.79 ± 0.20 µM/L in the nonparetic; NS). During the recovery stage, the concentration of Oxy-Hb remained higher in the paretic leg (0.26 + 0.09 µM/L vs 0.12 + 0.05 µM/L; P < .05). There was no difference between the concentration levels of Tot-Hb (-0.75 ± 0.09 µM/L vs -0.96 ± 0.14 µM/L; NS) and TOI (0.11 ± 0.02 vs 0.08 ± 0.03; NS) in the paretic and nonparetic muscles.
To investigate effects of passive leg movement with regard to the functional level of stroke patients, we divided the hemiparetic group into 2 subgroups in accordance with patients' motor recovery level. Patients with Brunnstrom scores of 5 and 6 for the lower limb were classified as the subgroup with good motor recovery (n = 6), and patients with scores of 4 and below were classified as the subgroup with poor motor recovery (n = 6). In comparison with the poor recovery subgroup, the good recovery subgroup had higher Motricity Index (72.1 ± 2.8 vs 46.8 ± 4.4; P < .01) and muscle strength scores (4-5 vs 1-4). None of the good recovery subgroup had spasticity in the lower limbs. Average cadence at the individually chosen comfortable speed was not significantly different between these 2 subgroups (87.8 ± 4.7 in the good recovery subgroup vs 61.5 ± 13.2 in the poor recovery subgroup; NS). Figure 5 shows the averaged data of the NIRS for the 2 subgroups. Although the difference of oxygenation changes between these two subgroups was not significant, there was a difference between the paretic and nonparetic legs within the clinically differentiated subgroups. For instance, in the poor recovery group, the concentration level of Oxy-Hb in the paretic leg was significantly higher during the passive leg movements (0.12 ± 0.10 µM/L vs -0.29 ± 0.18 µM/L; P < .05) and recovery stage (0.22 ± 0.25 µM/L vs 0.05 ± 0.06 µM/L; P < .05). TOI at the end of exercise was also higher in the paretic leg in comparison with the nonparetic leg, but there was no statistical significance (0.11 ± 0.01 vs 0.04 ± 0.04; NS).
In the group with higher motor function, oxygenation changes of both legs were more symmetrical in comparison with those of the poor recovery group.
DISCUSSION
We examined the effects of passive movement on the oxygenation level of the calf muscles in chronic stroke patients. The primary observation in this study was that the muscle oxygenation changes during imposed passive leg movements were significantly different between paretic and nonparetic calf muscles of chronic stroke patients. On the other hand, although the degree of change of muscle oxygenation was significantly different, the muscular activation pattern and the enhancement of the muscle oxygenation were similar in both paretic and nonparetic legs during passive leg movements. In the following section, possible mechanisms for the differences between paretic and nonparetic legs are discussed.
Muscular Activity During Passive Leg Movement
In this experiment, all patients showed a significant level of muscular activity as evidenced by EMG in both paretic and nonparetic muscles. During passive leg movements, afferent inputs from proprioceptors and load receptors were periodically provided. The rhythmic EMG activity might be elicited in response to these neural inputs. This finding is in accord with our previous research, which studied appearance of the EMG activity in the paretic muscles of persons with spinal cord injury. 13, 14 We obtained the MVC level in both soleus and gastrocnemius muscles and observed that it was more than 3 times smaller in the paretic side. On the other hand, both muscles demonstrated a different tendency of the EMG changes between paretic and nonparetic legs. Namely, although the muscle activation level in the soleus muscle was similar, that of the gastrocnemius muscle was significantly larger in the nonparetic leg. Although these two muscles contribute equally to plantar flexion motion, previous studies suggested that each muscle functions differently during walking or voluntary contraction, which presumably depends on different neural and mechanical properties. 24, 25 These points can serve as an explanation for the present result.
Interestingly, although the patients had a remarkable deficit of the voluntary activation of the paretic muscles, passive movement-induced EMG activity was observed in both paretic and nonparetic muscles. Also, in the patients with good motor recovery, the MVC level of the paretic calf muscle was higher than in the poor recovery subgroup, but there was no difference in the passive movement-induced EMG activity. These results therefore suggest that the passive movement could induce the EMG activity in the paretic muscle regardless of its voluntary contraction capacity.
Muscle Oxygenation Changes
We recently examined the effects of passive leg movement on the muscle oxygenation in persons with spinal cord injured persons and confirmed alteration of muscle oxygenation in the paralyzed muscle. 14 Similarly, the present results clearly indicate that the muscle oxygenation level of both paretic and nonparetic calf muscles could be enhanced by imposing passive leg motion. However, the results demonstrated some different behavior in the NIRS data between the paretic and nonparetic side. The level of Oxy-Hb gradually increased during the passive leg movements in the paretic lower limb, whereas it decreased in the nonparetic lower limb. Despite the large difference in the concentration changes of Oxy-Hb, those of Deoxy-Hb were almost equal in both legs. It is well recognized that the concentration changes of Oxy-Hb and Deoxy-Hb are determined by the relative condition of the tissue oxygen demand and supply. 26 Therefore, it might be possible that the larger Oxy-Hb in the paretic leg reflects that the oxygen delivery far exceeded the oxygen extraction compared to the nonparetic leg. Taken together with the present results that the EMG activity during passive leg movement of the gastrocnemius muscle was significantly smaller in the paretic side, it is very likely that the increased Oxy-Hb reflects a smaller extent of oxygen consumption. This explanation might be reasonable because the relative changes between Oxy-Hb and Deoxy-Hb are strongly dependent on the muscle contraction level. 27, 28 The presence of muscle atrophy in the paretic muscle of stroke patients could be one possible explanation for this imbalance. Because the lean muscle mass 4 and the number of fibers are reduced 2 in the paretic muscle of stroke patients, it is possible that the oxygen extraction is reduced. However, in addition to the oxygen consumption, other two potential factors, oxygen supply and total blood volume, may influence the present change of Oxy-Hb. The level of Oxy-Hb is influenced directly by oxygen supply, which means blood flow. Therefore the increased level of Oxy-Hb may be a result of the increased blood flow to the paretic muscle.
In the poor recovery subgroup, the Oxy-Hb level also increased significantly during the passive leg movements in the paretic leg and decreased in the nonparetic leg (Figure 4 ). Although the level of Oxy-Hb increased considerably, we did not observe increments of Deoxy-Hb in this group. In contrast, patients with good motor recovery had a higher concentration of Deoxy-Hb in the paretic muscle. Because the recovery level was higher, an increment of Deoxy-Hb was observed, suggesting that oxygen extraction of the acting muscle improves with the motor recovery. The extent of recovery, of Oxy-Hb just after the passive leg movements was larger in the nonparetic leg. The same condition was observed in the good recovery group. In general, the oxygenation level of the calf muscles during the passive movement tended to be higher in the paretic leg, particularly in those with poor recovery.
Passive Leg Movement In Stroke Patients
Despite the imbalance between the oxygenation parameters in the paretic muscle, TOI increased in both legs during the passive movement. TOI reflects the changes of tissue oxygen saturation relative to the rest. Unlike Oxy-Hb, the TOI is not affected by the total blood volume, but it does depend on the dynamic balance between the oxygen supply and oxygen consumption. As evidenced by EMG, the paretic muscle was contracting at a constant amplitude during the induced leg movement. The increased level of TOI in the presence of muscle contraction at a constant rate would mean that there was constant oxygen consumption during the exercise.
We did not measure the skin temperature before and during the experiment, so it is difficult to ignore the possibility of increased skin temperature during exercise and the effect of that on the NIRS signals. This is one of the limitations of the present study. Some previous studies reported conflicting findings on the influence of skin temperature. Mancini et al 29 showed minimal contribution of skin temperature to NIRS-derived tissue oxygenation, and another study confirmed that even a small increase in skin blood flow may affect NIRS light absorption and potentially confound the interpretation of the underlying muscle oxygenation measurement. 30 
Implications for Rehabilitation
Passive leg movements are broadly used to reduce the risk of developing contractures and pressure sores in chronic neurological conditions. Passive movements proved to be effective in reducing spastic hypertonia in chronic stroke patients 31 and also in eliciting useful activation patterns in the affected hemisphere. 32 Moreover, continuous passive motion has been shown to benefit the healing of soft tissue such as articular cartilage, 33 ligament, and tendon, 34 and may be beneficial in nerve repair and regeneration in animal models. 35 On the other hand, little is known about the metabolic and physiological changes underlying success of the previously mentioned measures. Especially, there is no literature available on the effect of passive leg movements on the paretic muscle metabolism of stroke patients. Evidence of enhanced muscle oxygenation, equality of activation pattern, and amplitude of calf muscle activity in both paretic and nonparetic legs suggest that the passive leg movements we used have significant benefit for enhancing blood oxygenation and longitudinal adaptations of the involved muscles.
A previous study that examined muscle metabolism during a cycling exercise in stroke patients 10 reported that during 2-leg cycling the oxygen uptake for the paretic leg was significantly lower in comparison with the nonparetic leg, and stroke patients were unable to distribute the work equally between the 2 legs. In that type of exercise, the nonparetic leg performed almost two-thirds of the total work. In the case of our experiment, it appears that the Easy Stand Glider allows equal application of exercise load on both paretic and nonparetic legs. It is encouraging that the passive leg movements could alter oxygenation levels in the paretic muscles of chronic stroke patients, who are usually thought to have achieved their maximal functional recovery at 3 months after the stroke onset. 36, 37 However, further studies are needed to prove the actual benefit from the passive leg movements and to design a complete training program.
CONCLUSION
Passive leg movements have the capacity to induce muscular activity and enhance the oxygen metabolism in the paretic leg of chronic stroke patients. The effects of passive movements varied in accordance with the motor recovery level. The oxygen extraction was decreased in the paretic muscle and this condition was improved with the motor recovery level. This type of exercise may be a useful and efficient method for prevention of muscle metabolic deterioration in the rehabilitation of stroke patients.
